Abstract Background: Central line (CL)-associated bloodstream infection (CLABSI) poses a major threat to patient safety and is associated with additional cost. This study investigated the sustained effect of multimodal interventions focusing on CL bundle improvement in the adult intensive care units (ICUs) of a teaching hospital in Taiwan. Methods: A beforeeafter prospective study was conducted in 17 adult ICUs of a medical center in northern Taiwan from January 2009 to December 2013. Many interventions that aimed to facilitate CL bundle implementation were initiated in January 2011. The incidence rates of CLABSI and catheter-related bloodstream infection (CRBSI) were compared between the baseline and intervention periods. Catheter utilization ratios and microbiological characteristics were also analyzed. Results: The incidence rates of both CLABSI and CRBSI decreased significantly from the baseline to the intervention periods (from 9.27 to 7.66 per 1000 CL-days and from 1.51 to 0.89 per 1000 CL-days, respectively). The yearly incidence rate decreased by up to 31% (incidence rate ratio [IRR] CI, 0.26e0.65) for CRBSI since the initiation of the interventions. The catheter utilization ratio also decreased from 0.71 to 0.63 (p < 0.001). Microbiological analysis showed that among all CLABSI isolates, the proportion of coagulase-negative staphylococci significantly decreased during the intervention period. Conclusion: Implementing multimodal interventions focusing on CL bundle improvement was effective in reducing the incidence rates of CLABSI and CRBSI in Taiwan's adult ICUs.
Introduction
The use of central line (CL) catheters is an essential part of modern critical care. However, it also increases the risk of nosocomial bloodstream infection. CL-associated bloodstream infection (CLABSI) could result in a high mortality rate of 12e25% and would be associated with prolonged hospitalization and additional hospital expenses. 1e3 The prevalence of CLABSI was particularly high in intensive care units (ICUs), and considerable concern has been raised in recent years. 3, 4 To manage this health issue, the Institute for Healthcare Improvement recommended a CL care bundle consisted of five evidence-based strategies to facilitate the reduction of CLABSI. 5, 6 These five strategies involve (1) hand hygiene improvement, (2) use of chlorhexidine-containing skin antiseptics with sterile dressing, (3) maximal sterile barrier precaution during catheter insertion, (4) optimization of catheter site selection, and (5) timely CL removal. The adoption of the CL care bundle resulted in a sustained reduction in CLABSI incidence both in general wards and ICUs. 7, 8 In a recent meta-analysis involving 2216 adult ICUs, the median incidence of CLABSI decreased significantly from 5.7 to 2.0 per 1000 CL-days (incidence rate ratio [IRR] , 0.45; 95% confidence interval [CI] , 0.39e0.52) after the bundle implementation. 3 These findings support the effectiveness of bundle care, and the US Department of Health and Human Services has set the goal of "zero CLABSI," which has been achieved for a sustained period in several hospitals. 8e11 The incidence of CLABSI in ICUs is several-fold higher in Asia than in the United States; therefore, management of this nosocomial infection remains a challenge in Asia. 3, 12 In this study, we aimed to exam whether multimodal interventions, focusing on CL bundle improvement, can reduce the incidence of CLABSI and catheter-related bloodstream infection (CRBSI) in 17 adult ICUs at our institution.
Methods

Study setting and design
This study was conducted in a university-affiliated 2388-bed medical center located in northern Taiwan. A total of 17 adult ICUs (including medical ICUs, surgical ICUs, neurological ICUs, burn ICUs, and cardiac care units) consisting of 213 beds were included in this study. All patients who had been hospitalized to these ICUs between January 2009 and December 2013 were included. A beforeeafter prospective study was conducted in two periods: a baseline period from January 2009 to December 2010 and an intervention period from January 2011 to December 2013.
Interventions
Through a series of cross talks between different departments or teams (including Center for Infection Control, Medical ICUs, Surgical ICUs, Department of Nursing, Department of General Affairs Office, etc.), multidisciplinary task force came out consensus of the following interventions, small-scale pilot studies were conducted, processes were modified accordingly, and new materials or facilities were introduced to daily practice. All of the interventions were implemented in our adult ICUs universally.
CL care bundle
Hand hygiene. The hospital-wide hand hygiene promotion program has been initiated in our hospital since 2004. 13 As a CL bundle element, hand hygiene before CL insertion was strictly required and enforced. Maximal sterile barrier precaution. This involved the use of a sterile drape to cover a patient from head to toe for CL insertion. The original size of sterile drapes used in our hospital for CL insertion was too small (100 Â 100 cm) to cover the patient thoroughly. As an intervention, two new forms of sterile drapes with a larger size were designed. The size of one form is 152 Â 200 cm, with a hollow area of 10 Â 10 cm for the convenience of catheter insertion (3M Steri-Drape fabric drapes, model 1034). The size of the other form is 228 Â 300 cm, with a hollow area of 16 Â 10 cm (3M Steri-Drape fabric drapes, model 9050). Alcoholechlorhexidine skin antiseptics. Originally, alcohol-based povidoneeiodine was used for skin antisepsis before CL insertion. As an intervention, the use of alcoholbased povidoneeiodine was switched universally to alcoholechlorhexidine for skin antisepsis. Optimal site for CL insertion. The indications of femoral site insertion were established, including a high risk of pneumothorax, unstable condition requiring emergent CL insertion, bleeding tendency, presence of other catheters or a wound over jugular and subclavian areas, or difficult approach of other potential insertion sites. The choice of the insertion site was left to the clinician's discretion; however, the indication should be stated in the medical record if the femoral site was chosen. Timely CL removal. A paper-based CL daily review form was introduced in our ICUs since 2009. Clinicians were required to renew the information regarding the usage of an indwelling CL, including the indwelling time, insertion site, and indication to maintain the catheter, on a daily basis.
Technical innovations
Chlorhexidine transparent dressing. Current guidelines suggest replacing the catheter site dressing at least every 7 days to prevent CLABSI, and an earlier change is indicated if the dressing becomes damp or visibly soiled.
14 In Taiwan, high humidity commonly results in the dampening of the dressing, necessitating the replacement of the dressing every 2e3 days. We used a new form of chlorhexidine dressing (3M Tegaderm CHG chlorhexidine gluconate I.V. securement dressing, model 1657R), which has a better ability to absorb fluid and a transparent portion that facilitates the inspection of the skin around the insertion site in order to better determine the timing of dressing replacement. One-piece drape. Two new forms of one-piece drape were introduced. Compared with the original form which comprised three smaller pieces of sterile cloth, the onepiece drape not only provides a larger area of coverage but also takes less time to spread out. All-inclusive catheter cart. We designed a catheter cart containing all necessary supplies for CL insertion and bundle care.
Education and training
Education sessions regarding CLABSI-specific infection control measures and correct procedures for executing CL care bundle were regularly conducted by the Center of Infection Control during the intervention period. For new staff, a CL insertion teaching program including lectures and simulation training was compulsory and provided regularly.
Process indicators and outcome indicators
Outcome indicators included the incidence of both CLABSI and CRBSI per 1000 CL-days and the catheter utilization ratio. Process indicators included the compliance of the following three practices in CL bundle: (1) hand hygiene before catheter insertion; (2) maximal barrier precaution including a mask, hair cap, sterile gown, sterile gloves, and sterile drape from a patient's head to toe; and (3) appropriate use of chlorhexidine antiseptics. These three indicators were chosen because they are feasible to approach and measurable with high inter-individual agreement. Outcome indicators were collected routinely as a part of prospective hospital-wide surveillance of healthcareassociated infection. 15 Process indicators were collected only from 2013, after most interventions had been fully implemented.
Definitions and data collection
The outcome indicators were mainly collected based on a web-based, hospital-wide healthcare-associated bloodstream infection surveillance and classification system. 16 Since 2013, infection control nurses (ICNs) have performed regular field inspections for CL insertion at ICUs. If any violation to the CL bundle elements was observed, the observing ICN would interrupt the procedure immediately (in nonemergency situations) and provide instructions.
The monthly incidence rates of CLABSI and CRBSI were calculated by dividing the number of CLABSI or CRBSI by the number of CL-days in a given month. The catheter utilization ratio was calculated by dividing the number of CL-days by the number of patient-days. Patients with more than one CL catheter in place were only counted once. The demographic, clinical, and microbiological data were collected from the electronic database of the hospital.
The definition of CLABSI was in accordance with that proposed by the Centers for Disease Control. 17 A CRBSI case in this study was defined as a patient of whom CL catheter tip culture yielded the same pathogens (!15 colony-forming units) as those grew in the peripheral blood culture.
All data were collected on a routine basis, and the analysis was performed retrospectively. Therefore, informed consent was waived. The study protocol was approved by the Institutional Review Board of National Taiwan University Hospital (IRB No. 201303079RINC).
Statistical analysis
Comparisons between the baseline and intervention periods were performed using the chi-squared test or Fisher's exact test for categorical variables and the Student's t test for continuous variables. In addition, we compared the incidence rates of both CLABSI and CRBSI between the two periods and calculated the incidence rate ratio (IRR) and incidence rate reduction by normal-theory test. A p-value of <0.05 obtained using two-sided tests was considered significant. The analysis was performed using SAS 9.3 (SAS Institute Inc., Cary, NC, USA).
Results
The demographics and characteristics of patients are presented in Table 1 . In total, 84,103 patients were analyzed, of whom 31,966 and 52,137 were analyzed during the baseline and intervention periods, respectively. Compared with those analyzed during the baseline period, fewer patients analyzed during the intervention period had chronic diseases, but more patients received a diagnosis of malignancy. Although the mean scores of the Charlson index were not significantly different between the two periods, the mean duration of hospital stay was significantly shorter during the intervention period.
During the baseline period, 66,694 CL-days were recorded, with the catheter utilization ratio being 0.71. During the intervention period, when the number of recorded CL-days was 95,789, the catheter utilization ratio decreased to 0.63 (p < 0.001). The incidence rate of CLABSI per 1000 CL-days decreased from 9.27 during the baseline period to 7.66 during the intervention period (p < 0.001). Furthermore, the incidence rates of CRBSI per 1000 CL-days were 1.51 and 0.89 during the baseline and intervention periods, respectively (p < 0.001; Table 1 ).
Since the implementation of the interventions, the incidence rate of CLABSI per 1000 CL-days had decreased to 6.42 in the third year, indicating an incidence rate reduction of 31% (IRR, 0.69; 95% CI, 0.59e0.81; p < 0.001). Moreover, the incidence rate of CRBSI decreased to 0.62 in the same year, with an incidence rate reduction of 59% compared with that during the baseline period (IRR, 0.41; 95% CI, 0.26e0.65; p < 0.001; Table 2 ). The quarterly incidence rates of CLABSI and CRBSI during the study period are shown in Fig. 1 .
We identified 110 different pathogens from 1352 CLABSI episodes during the study period. Most bloodstream infection episodes involved only one pathogen (83.9%), whereas more than one pathogen was identified in 16.1% of episodes. During the baseline period, the identified pathogens for CLABSI comprised Gram-negative bacteria (59.7%), Gram-positive bacteria (27.3%), and fungi (13.0%). During the intervention period, the distribution of pathogens was similar. The most common pathogens during both periods were Enterococcus species (including vancomycin-resistant enterococci), Acinetobacter baumannii (including multidrug-resistant A. baumannii), and Candida species (including albicans and non-albicans species) ( Table 3 ). The percentage of coagulase-negative staphylococci (CoNS) identified as a CLABSI-causing pathogen was lower during the intervention period than during the baseline period (4.8% vs. 7.6%, p Z 0.030), whereas non-albicans Candida species were isolated more often during the intervention period (9.3% vs. 6.2%, p Z 0.034). Similarly, for CRBSI episodes, the most common pathogens were Enterococcus species, A. baumannii, and Candida species. The percentage of CoNS decreased from 7.9% (8/101) during the baseline period to 3.7% (3/82) during the intervention period; however, this decrease was not significant. By contrast, the percentage of non-albicans Candida species increased from 5.0% (5/101) during the baseline period to 13.4% during the intervention period (11/82; p Z 0.044).
During the intervention period, 64 education sessions were held. More than 90% of the medical stuff in our hospital participated in at least one session. For the new staff, the additional training program was compulsory, and the completeness rate was 100%.
The number of CL insertion being audited by the ICNs in 2013 for compliance measure varied between 8 and 23 in each quarter. Among individual practices, maximal barrier precaution had the lowest compliance (45.5e73.9%). The compliance of hand hygiene and chlorhexidine antiseptic use were both above 80%. 
Discussion
Since CLABSI was regarded as a preventable event, efforts have been made worldwide to reduce the incidence of CLABSI in ICUs. The implementation of CL bundle has been proven to be effective and was promoted as an essential component in most CLABSI reduction campaigns. In the present study, the incidence of CLABSI per 1000 CL-days in our adult ICUs decreased from 9.27 during 2009e2010 to 7.66 during 2011e2013 (31% reduction) after the initiation of the bundle-based interventions. Similarly, the catheter utilization ratio decreased from 70.7% during the baseline period to 61.2% in 2012 during the intervention period; this decrease can be attributed to the timely catheter removal. Studies published during a similar period have reported that CLABSI incidence per 1000 CL-days decreased from 9.3 to 5.1 (45% reduction) in Brazil, 2.2e0.5 (77% reduction) in Australia, 6.4e3.9 (53% reduction) in India, 3.6e1.8 (50% reduction) in Spain, and 4.7e1.8 (61% reduction) in Korea after implementing bundle-based multidisciplinary measures. 5,9,18e20 Consistent with the findings of several previous reports, 21, 22 our hospital was unable to achieve a "zero" or "near-zero" CLABSI incidence after implementing bundle care and infection prevention programs. A recent national survey of adult ICUs in the United States reported that lower CLABSI incidence rates were significantly associated with high (>95%) overall bundle compliance. 23 The suboptimal compliance rate in the present study, particularly for maximal sterile barrier precaution, might partly explain why our CLABSI incidence rate reduction is considerably lower than that reported in other studies. 5, 9, 20 A previous study in Taiwan reported the same problem. 24 In the clinical scenario, maximal sterile barrier precaution is relatively labor intensive and time consuming compared with other bundle elements; thus, its complete application is more difficult.
The baseline incidence of CLABSI in our ICUs was 9.27 per 1000 CL-days, which was considerably higher than that reported in the United States (0.96 per 1000 CL-days). 23 Because we included ICU patients from one of the largest medical and referral centers in Taiwan, the higher CLABSI incidence may be attributed to the more complicated condition of patients, which predisposed them to bloodstream infection. This is demonstrated by the older age and longer average hospital stay of patients in our study compared with those of patients in other single-hospital studies. 9, 19 Gram-negative bacteria were the main pathogens causing CLABSI in this study, which might reflect the fact that a high proportion of studied patients had underlying malignancies (Table 1) . 25 Similarly, the significantly increased incidence of CLABSI caused by non-albicans Candida species might be attributed to the significantly higher proportion of patients with malignancy during the intervention period than during the baseline period or to the widespread use of fluconazole for both prophylaxis and empirical therapy in ICU patients. 26, 27 By contrast, the percentage of CoNS identified as a CLABSI-causing pathogen was significantly lower during the intervention period. Leblebicioglu et al. reported a similar result, which might be attributed to the effect of CL bundle that mainly protects against CLABSI through skin-colonizing microorganisms. 28 Several innovative tools were incorporated into our interventions to facilitate CL bundle implementation. For example, we designed an all-inclusive catheter cart and a prepackaged catheter insertion set to enhance accessibility to all necessary supplies. 29, 30 The aim of each technical innovation was to motivate behavioral changes so that the staff can be more adherent to the bundle. However, unfamiliarity to new tools, such as the one-piece drapes introduced in our study, might partly explain the limited beneficial effects of technical innovations in our study.
Once the medical staff members go through the "learning" or "adaptation" period, the beneficial effects of innovative tools might be more enhanced.
How to confirm the direct relationship between the bundle-based interventions and the reduction of CLABSI was a challenging issue. Admittedly, the decreasing CLABSI incidence during our intervention period might also be attributed to other concomitant infection control measures, such as environmental cleaning and cohort isolation. In previous studies, the improvement of bundle compliance was often used as a proof for the causality between the interventions and the decreased infection. 5, 18, 21 Unfortunately, the bundle compliance was measured since the last year in this study, and the small number of compliance records would further compromise the reliability of the information. Continuous surveillance of the bundle compliance would help to validate the effect of our multimodal interventions on CLABSI incidence.
The strengths of our study are as follows. This is one of the largest single-center studies focusing on CL bundle, enrolling 245,971 patient-days and 162,483 CL-days in five years. The participating adult ICUs were all within the same hospital; thus, the daily practice, education program, and surveillance system were highly comparable. In other words, the inter-ICU variance, which is a common issue encountered in other multicenter studies, could be minimized. In addition, we report the incidence rate of not only CLABSI but also CRBSI to further validate the effectiveness of our interventions. CLABSI surveillance is usually suggested for quality improvement, with a simpler definition than that of CRBSI, and is easier to be monitored in most clinical settings. However, CLABSI is less specific in determining the causal relationship between catheter colonization and bacteremia, and it may overestimate the true incidence of bloodstream infections originating from CLs. 31, 32 This study has several limitations. First, the inclusion of only one medical center might limit the generalizability of our study results to different hospital settings. Second, because we used a beforeeafter comparison approach to evaluate our interventions, some unmeasured temporal changes, which would also affect the CLABSI incidence, could not be adjusted. Last, as mentioned before, the information about bundle compliance was incomplete, and we cannot definitely prove the causality between our interventions and the reductions in CLABSI. Nevertheless, the information about bundle compliance revealed that maximal sterile barrier precaution was the bundle element that was most difficult to comply, and it helped us to design further quality improvement program.
In conclusion, our study results demonstrate that the implementation of a set of multimodal interventions was effective in reducing the incidence rates of CLABSI and CRBSI in adult ICUs. However, whether a more personalized customization of technical innovations can enhance the compliance of bundle care and confer additional infection rate reduction should be investigated in future studies.
